Abstract Metabolic acidosis is common in patients with chronic kidney disease (CKD), particularly once the glomerular filtration rate (GFR) falls below 25 ml/min/1.73 m 2 . It is usually mild to moderate in magnitude with the serum bicarbonate concentration ([HCO 3 −
Introduction
Metabolic acidosis is a common complication of chronic kidney disease (CKD), usually appearing when glomerular filtration rate (GFR) falls below 25 ml/min/1.73 m 2 [1, 2] . It is usually mild to moderate in degree (serum bicarbonate − concentration [HCO 3 − ] 12-23 mEq/l). However, despite its lack of severity, it can have an adverse impact on cellular function and contribute to increased morbidity and mortality [1, 3, 4] .
In the present review, we briefly describe the pathogenesis of metabolic acidosis of CKD and the associated clinical and laboratory findings. We then highlight the adverse effects of chronic metabolic acidosis and their pathogenesis as well as the indications, goals, and potential complications of therapy.
Pathogenesis of the metabolic acidosis of CKD
Approximately 1 mEq/kg body weight (b. wt.) of endogenous net acid is produced each day in adults with normal renal function, primarily from the metabolism of ingested protein [5] . Endogenous net acid production in infants and children is more variable, averaging 1-3 mEq/kg b. wt. per day [6] . This higher level is attributed, in part, to the consumption of base by growing tissues, primarily bone [7] . In post-pubertal individuals, endogenous net acid production is similar in magnitude to that of adults.
To maintain acid-base balance, the renal tubules must quantitatively reabsorb the daily filtered HCO 3 − load (approx. 4500 mEq in adults with normal renal function).
In addition, they must synthesize sufficient HCO 3 − to neutralize endogenous net acid. The result of these processes is to maintain serum [HCO 3 − ] within a very narrow range.
Metabolic acidosis can result from an increase in endogenous net acid production, an increase in urinary or gastrointestinal HCO 3 − excretion, or a decrease in renal synthesis of HCO 3 − manifesting as reduced urinary ammonium and net-acid excretion. Endogenous net acid production in patients with CKD is equal to or even slightly lower than that in individuals with normal renal function [8, 9] , excluding this as a factor in the genesis of metabolic acidosis. In a minority of patients, there is sufficient urinary bicarbonate loss to contribute to the prevailing hypobicarbonatemia [10, 11] . However, in most patients, urinary bicarbonate loss is minimal, and the metabolic acidosis develops because new bicarbonate synthesis is less than endogenous net acid production [11] . This limitation in bicarbonate synthesis renders the patient with CKD more vulnerable to developing hypobicarbonatemia than normal individuals, both in the presence or absence of an increase in endogenous net acid or an increase in gastrointestinal HCO 3 − excretion. [12] , an effect attributed to buffering by bone [12] [13] [14] .
The thesis that patients with CKD and metabolic acidosis are in positive H + balance has been challenged. Using balance techniques, some investigators have concluded that patients with CKD and stable hypobicarbonatemia are in neutral acid-base balance [8] . At this point, it is not possible to reconcile these discrepant results.
Because bone is considered to be an important buffering component, it has been postulated that the bone disease commonly present in patients with CKD may be associated with a depletion of bone buffers and thereby lessen total body buffering capacity. However, in one study in which this concept was tested in dialysis patients, the apparent bicarbonate space, a reflection of non-bicarbonate buffering capacity, was similar to that of normal individuals [9] .
Clinical and laboratory characteristics
Observational studies have shown that metabolic acidosis generally develops when the GFR falls below 25 ml/min/ 1.73 m 2 [1, 2, 15] . However, it can appear earlier in the course of CKD [16] , particularly if additional defects in tubular acid excretion are present as, for example, when hyporeninemic hypoaldosteronism or anatomical damage to the collecting duct is present [17] .
The [19] . The reasons for the variability in the onset and severity of metabolic acidosis are not well understood. Because renal acid excretion is primarily a tubular function, such variability may reflect differences in tubular function in the presence of similar levels of GFR. An additional contributing factor may be differences in dietary protein intake, the major contributor to the endogenous net acid load.
The anion gap in patients with the metabolic acidosis of CKD can be elevated (normochloremic acidosis) or normal (hyperchloremic acidosis) [1] . It had been suggested that a normal anion gap pattern characterizes early CKD, subsequently evolving into a high anion gap pattern as the GFR falls [16] . However, several studies have shown that a normal anion gap pattern can occur in all stages of renal failure [16, 19] . The explanation for this conundrum is unclear. Nonetheless, a predominately normal anion gap pattern is more common in patients with hyporeninemic hypoaldosteronism or anatomical damage to the collecting duct [20] , findings suggesting that the presence of an additional renal tubular dysfunction may be an important factor [1, 20] .
It appears that the anionic pattern of the metabolic acidosis does not have any influence on the nature or severity of the associated adverse effects. Moreover, since the accumulating anions are primarily inorganic in nature and therefore not potential sources of base, the electrolyte pattern does not have any bearing on the quantity of base required to raise serum ] by a given amount.
Adverse effects of metabolic acidosis
The effects of metabolic acidosis on cellular function have been examined in vitro using cultured cells or isolated tissues [13] , and in vivo studying animals and humans with normal or compromised renal function [1] . In humans with CKD, the adverse effects of metabolic acidosis have been examined in patients before or after initiation of chronic maintenance dialysis [14, [21] [22] [23] [24] [25] [26] [27] [28] [29] . A limitation of the studies performed in adults with metabolic acidosis, whether due to CKD or other causes, is that only a few of them feature a randomized controlled design and most involve small numbers of subjects [30] . Similarly, there have been no randomized controlled studies in children. Therefore, conclusions about adverse effects and the benefits of base therapy are largely based on observational studies. The major adverse effects of chronic metabolic acidosis on cellular function are shown in Table 1 and are discussed below.
Development or exacerbation of bone disease and impaired growth in children
The bone disease of CKD is due to alterations in parathyroid hormone (PTH) levels, low vitamin D levels and, in some cases, the effects of certain toxins, such as aluminum [31] . However, a substantial quantity of data has accrued to implicate chronic metabolic acidosis as an additional important factor [1, 14] .
In vitro studies using cultured bone cells or isolated calvariae and in vivo studies in animals have demonstrated that prolonged metabolic acidosis can directly stimulate osteoclast-mediated bone resorption and inhibit osteoblastmediated bone formation [13, 14, 32, 33] . Also, some, but not all, animal and human studies have shown that metabolic acidosis can reduce vitamin D levels from what is necessary for normal bone formation [34, 35] .
PTH secretion is stimulated by chronic metabolic acidosis in humans [36] . On the other hand, metabolic acidosis attenuates the cellular response to PTH, as measured by cAMP accumulation in rat tissues [37] . The final effect of acidosis on the cellular response to metabolic acidosis will be the sum of these counterbalance effects. The actions of the calcium sensing receptor might also be attenuated by a decrease in extracellular pH, perhaps contributing to an increase in PTH levels [38] .
In animals, prolonged metabolic acidosis (for many months) can produce osteoporosis or exacerbate the osteitis fibrosis cystica of CKD [13, 34, 39] . Individual case reports or small studies in patients with CKD revealed worsening of osteomalacia or osteitis fibrosa cystica in the presence of metabolic acidosis [40] [41] [42] [43] .
In adults on chronic maintenance hemodialysis, amelioration of the acidosis by raising the dialysate base concentration was found to attenuate the rise in PTH, reduce bone resorption, and improve bone formation [29] . In another study in dialysis patients, correction of the acidosis restored the normal suppression of PTH secretion in response to infused calcium [28] . In children with proximal renal tubular acidosis (RTA), but normal or minimally impaired renal function, bone histomorphometric studies revealed low bone formation and mineralization, which improved following correction of the acidosis with base therapy [44] . In another study, bone mineral density was reduced in children with epilepsy given a ketogenic diet that produced mild metabolic acidosis (mean serum [HCO 3 − ] 21.9±1.9 mEq/l) [45] .
In addition to the effects of metabolic acidosis on the bone described above, metabolic acidosis alters the longitudinal growth of children. Thus, in the study described above, longitudinal growth of the children was impaired. Growth was also stunted in children with distal RTA, subsequently improving following correction of the acidosis [46, 47] .
In studies designed to examine the mechanism underlying the impaired growth, young rats were subject to chronic metabolic acidosis for 14 days. This resulted in stunted longitudinal growth and reduced growth plate height [48] . Both cartilage production and bone formation were decreased, albeit at different intensities, resulting in the shortened growth plate. This effect of acidosis on growth could be due to inhibition of the secretion of growth hormone or its actions on peripheral tissues [49] . In support of the latter hypothesis, it has been shown that metabolic acidosis prevents the beneficial effect of growth hormone treatment on the growth of uremic rats [50] . Furthermore, low serum concentrations of insulin-like growth factor 1 (IGF-1) and low hepatic levels of growth hormone receptor and IGF-1 receptor mRNAs have been reported in rats with metabolic acidosis [51] . Also, administration of IGF-1 does not accelerate the growth of acidotic rats, findings supporting the thesis that a peripheral mechanism at the level of target tissues is responsible for the resistance to the growthpromoting actions of growth hormone or IGF-1 [52] . Thus, although controlled studies of the impact of correction of metabolic acidosis alone on the growth in children with CKD are not available, metabolic acidosis is considered to be a contributory factor to short stature in children with CKD prior to or after initiation of chronic maintenance dialysis. Therefore, it is recommended that it be corrected prior to the initiation of growth hormone therapy [49] .
Taken as a whole, the studies cited above indicate that metabolic acidosis can be a contributory factor to the development or exacerbation of bone disease in both adults and children and that it can impair growth in children with or without CKD. Direct effects of an acidic milieu on bone and indirect effects mediated by changes in PTH levels and/or its actions or vitamin D levels appear to contribute to these pathological effects.
How severe the metabolic acidosis must be to produce bone disease is not clear. In post-menopausal women with age-related osteoporosis who had normal renal function and normal acid-base parameters, ingestion of sufficient base to neutralize endogenous acid production improved the biomarkers of bone metabolism [53] . These data suggest that even the normal endogenous acid load, if left unneutralized, can have harmful effects on bone. Moreover, it seems reasonable to extrapolate from these findings that any hypobicarbonatemia resulting from retention of the endogenous acid load would be harmful. In this regard, evaluation of more than 1000 women with normal renal function showed that ingestion of a diet with a higher acidproducing potential resulted in lower bone mineral density and forearm bone mass (after adjustment for age, weight, height, and menstrual status) than that found in those ingesting a diet with a lower acid-producing potential [54] .
Increased muscle wasting
Muscle mass declines in patients with CKD [55] . Although this effect may be related to nutritional deprivation or exposure to a uremic milieu, metabolic acidosis has also been implicated as an important factor. May et al. [56] were the first to demonstrate that mild metabolic acidosis (serum [HCO 3 − ] of approx. 20 mEq/l) in rats with CKD was associated with increased degradation of muscle protein without any alteration in protein synthesis [56] [57] [58] . The increased protein degradation was due to the increased transcription of genes encoding proteins of the ATPdependent ubiquitin-proteasome pathway, resulting in increased activity of the ATP-dependent ubiquitin-proteasome system [59] . Of interest, activation of muscle protein degradation requires endogenous glucorticoids [56, 57, 60, 61] . Recent studies have identified the dependency on glucocorticoids to increase muscle protein wasting as a non-genomic mechanism by which the glucocorticoid receptor sequesters phosphatidylinositol-3-kinase to interrupt insulin-IGF-1 signaling [62] . In several studies, amelioration of metabolic acidosis by the provision of base to patients with CKD before or after initiation of maintenance dialysis decreased the rate of protein degradation and urea generation, resulting in improved protein balance and increased muscle mass [63] [64] [65] [66] [67] .
Similar to bone disease, some evidence suggests that a detectable fall in serum [HCO 3 − ] may not be necessary to stimulate muscle degradation. Neutralization of the endogenous acid load by administering potassium bicarbonate to women with normal renal function and normal acidbase parameters led to a significant reduction in urinary nitrogen loss, suggesting that this maneuver reduced muscle degradation [68] .
Reduced albumin synthesis
Experimental induction of metabolic acidosis in normal humans for at least 7 days has in some-but not all-such studies caused a reduction in albumin synthesis, thereby predisposing the individual to the development of hypoalbuminemia [22, 69] . Indeed, analysis of more than 1500 patients >20 years of age who participated in the NHANES III study revealed that the age-adjusted odds ratio of serum ] ≤22 mEq/l [70] . Furthermore, in two studies of adult patients with CKD either prior to or after initiation of chronic maintenance dialysis, improvement of the metabolic acidosis by the provision of base caused the serum albumin concentration to rise and protein catabolic rate to fall [71, 72] .
Reduced protein synthesis, increased protein breakdown, and enhanced amino acid oxidation [63, 73, 74] have all been suggested as factors contributing to a reduced serum albumin concentration with metabolic acidosis. A decrease in protein intake might also play a role, although in one study in which dietary intake was examined, no difference in protein intake was found in patients with CKD before or after correction of the acidosis [25] .
Accelerating the progression of CKD
The administration of sodium bicarbonate [75] or sodium citrate [76] to rats with 5/6 nephrectomy attenuated the degree of tubulointerstitial disease and decline in GFR when compared to controls receiving NaCl. The chronic administration of sodium bicarbonate to Han.SPRD rats (an experimental model of polycystic kidney disease) inhibited cystic enlargement and prevented the subsequent development of interstitial inflammation, chronic fibrosis, and uremia. [77] . By contrast, in comparison to a control rat population, there was no improvement in the magnitude of proteinuria, fall in GFR, or severity of histological injury in a population of 5/6 nephrectomized rats given base [78] . In another study, the administration of acid to rats with renal failure receiving a high-phosphate diet actually slowed the rate of progression of renal failure [79] , an effect attributed to a reduction in the quantity of calcium precipitated in the kidney [80] .
Despite these conflicting results from studies in animals, the limited number of studies in humans have supported the potential role of metabolic acidosis in the progression of CKD. In a large cohort of patients with CKD followed at a single medical center, a serum [HCO 3 − ] of <22 mEq/l was associated with a 54% increased hazard of progression of CKD when compared with a serum [HCO 3 − ] of 25-26 mEq/l [81] . In two separate studies, one in patients with hypertensive renal disease [82] and another in patients with CKD of diverse etiology [83] , the administration of base slowed the progression of CKD. In the latter study, the rate of decline in GFR in those given bicarbonate was less than half that in the control group. Moreover, the bicarbonate group was less likely to experience a rapid decline in GFR or develop end-stage renal disease. Three mechanisms have been postulated to explain the acceleration of progression of CKD in response to metabolic acidosis. First, it has been suggested that the increase in renal medullary ammonia concentration resulting from the stimulation of ammonia production by metabolic acidosis activates the alternative complement pathway and causes progressive tubulointerstitial injury [84] . Second, it has been suggested that new bicarbonate synthesized by the kidney in response to acidosis alkalinizes the interstitium and encourages precipitation of calcium in the kidney [85] . Finally, evidence in both animals and humans has been accrued to suggest that increased endothelin production may mediate the tubulointerstitial injury and decline in GFR noted with the metabolic acidosis of CKD [82, 86] .
Impaired glucose homeostasis
Studies in rats showed that metabolic acidosis was associated with impaired glucose tolerance and insulin resistance [87] [88] [89] [90] . In vitro experiments revealed that the insulin resistance was attributed, in part, to pH-related impaired binding of insulin to its receptors [89, 90] . Experiments in humans with normal renal function using both the euglycemic and hyperglycemic clamp technique revealed that ammonium chloride-induced metabolic acidosis resulted in reduced tissue sensitivity to insulin [91] . Studies in patients with CKD have also demonstrated impaired glucose tolerance and insulin resistance, both prior to and after the initiation of chronic maintenance dialysis [92, 93] . The effect of uremia on insulin resistance appeared to be related, in part, to metabolic acidosis, because the administration of base to stable hemodialysis patients improved, although it did not normalize, insulin sensitivity [92] . The insulin resistance and glucose intolerance of uremia per se are generally not severe, but it is possible that they contribute to the development of other clinical abnormalities.
Accumulation of β 2 -microglobulin
The accumulation of β 2 -microglobulin in individuals with CKD contributes to the development of amyloidosis. Amyloid infiltration can cause the carpal tunnel syndrome, bone cysts and, possibly, cardiomyopathy [94] . This accumulation of β 2 -microglobulin is primarily related to the number of years on dialysis [94] , which has been interpreted as suggesting that the predilection to amyloidosis is due to reduced excretion of β 2 -microglobulin and, in the case of hemodialysis, also to chronic exposure of blood to the dialysis membrane.
Metabolic acidosis has been suggested as a possible additional factor in promoting β 2 -microglobulin accumulation. First, there is an inverse correlation between serum [HCO 3 − ] and β 2 -microglobulin levels in patients with CKD [94] . Furthermore, β 2 -microglobulin concentrations have been found to be higher in patients dialyzed with acetate who have a lower serum [HCO 3 − ] than those dialyzed with bicarbonate [94] . How important the contribution of metabolic acidosis to β 2 -microglobulin accumulation remains unclear.
Abnormal thyroid function
Individuals with uremia have low basal metabolic rates. This could be related in part to the associated metabolic acidosis affecting thyroid hormone levels, since ammonium chloride-induced metabolic acidosis has been found to be associated with reduced triiodothyronine (T3) and thyroxine (T4) and elevated thyroid-stimulating hormone levels [23, 95] . Furthermore, correction of metabolic acidosis in patients with CKD causes T3 levels to rise towards normal [95] .
Stimulation of inflammation
Exposure of macrophages to an acidic environment leads to the increased production of tumor necrosis factor α (TNFα) [96] . In one study, the correction of metabolic acidosis in a small number of patients maintained on chronic ambulatory peritoneal dialysis was associated with a reduction in TNFα levels [67] . Thus, it has been suggested that metabolic acidosis is associated with the stimulation of inflammation and, therefore, that it represents a chronic inflammatory state. However, no significant difference was observed in the serum levels of C-reactive protein and interleukin-6 (two biomarkers of inflammation) among three separate groups of dialysis patients with a mean serum [HCO 3 − ] of 19.2, 24.4, and 27.5 mEql/l, respectively [97] . Further studies of a large number of patients will be needed to determine the relative importance of metabolic acidosis to the genesis of chronic inflammation in patients with CKD.
Development or exacerbation of cardiac disease and increase in mortality A link between hypobicarbonatemia and the risk of death has been found in patients with CKD, both prior to and after initiation of chronic maintenance dialysis. A retrospective analysis of laboratory data obtained from more than 12,000 hemodialysis patients showed an increased risk of death in patients with a serum [HCO 3 − ] <15-17 mEq/l [98] . Also, patients with CKD not on dialysis had a greater risk of death when their serum [HCO 3 − ] was <22 mEq/l [4] . Because cardiovascular disease is the most common cause of death in patients with CKD, it is reasonable to speculate that metabolic acidosis increases the prevalence or severity of cardiovascular disease. This hypothesis is further supported by strong evidence that inflammation plays an important role in the genesis and progression of atherosclerotic heart disease.
Treatment of the metabolic acidosis of CKD
As summarized above, the predominance of evidence indicates that the chronic metabolic acidosis of CKD is deleterious and that its improvement imparts benefit. Therefore, base therapy to ameliorate the acidosis appears to be indicated. Consequently, the major issues to be addressed are: complications of treatment and, in addition, it has not yet been proven to be of benefit. Potential complications of base therapy in patients not on dialysis include volume overload, congestive heart failure, and exacerbation of pre-existing hypertension-all complications due to sodium retention. These complications can be avoided by the concomitant administration of diuretics or the use of calcium carbonate or calcium citrate to provide the base. Moreover, sodium retention is less when the sodium is given as a non-chloride-containing salt, particularly if sodium chloride restriction is severe [105] . There is the ever-present potential to exacerbate vascular calcifications by decreasing the solubility of calcium phosphate if alkalemia occurs. Studies performed in dialysis patients in whom blood pH rose into the alkalemic range revealed no change in one of the risk factors for metastatic calcification as determined by the relative saturation ratio of hydroxyapatite [100] or the calculated concentration product ratio for hydroxyapatite formation [106] . However, the author of the latter study suggested that if serum phosphorus concentration were to rise a few hours after the completion of dialysis, this ratio might be elevated enough to favor calcifications. Finally, the administration of citrate can enhance aluminum absorption [107] , but this problem can be prevented by the avoidance of aluminum binders.
The recommendation by the NKF to limit daily calcium intake has resulted in a shift to the greater use of noncalcium-containing phosphate binders, such as Renagel (sevelamer hydrochloride). However, a fall in serum [HCO 3 − ] has been detected in both adults [108] and children [109] receiving Renagel. An additional preparation, sevelamer carbonate (instead of hydrochloride), has been shown to be effective in controlling serum phosphorus while raising serum [HCO 3 − ] in both children [110] and adults [111] with CKD. This preparation may therefore prove to be a reasonable alternative. If the latter preparation is not available, base administration might have to be increased to prevent or treat metabolic acidosis. On the other hand, if the individual is receiving calcium carbonate, calcium citrate, or sevelamer carbonate, base administration may have to be reduced. In summary, the metabolic acidosis of CKD is associated with a myriad of complications which appear to respond to base therapy. Therefore, base therapy should be administered to all patients with metabolic acidosis. We recommend administering sufficient base to raise serum [ 
